Introduction
Extravasation of plasma through damaged alveolar walls is a common occurrence during inflammatory lung diseases (1) . Tissue factor that is present within the extravascular compartment triggers the coagulation cascade, leading to fibrin deposition (2) . This fibrin matrix then serves as a scaffold onto which fibroblasts migrate and produce interstitial collagens. Although this fibrotic process is beneficial in circumstances such as the repair of cutaneous wounds, collagenous obliteration of airspaces renders the damaged areas of lung permanently nonfunctional. Therefore, successful repair of the injured lung requires timely removal of the fibrin-based matrix. This scenario is also presumed to be important in fibrotic processes that occur in other organs after tissue injury.
Recent experimental work using the bleomycin model of lung injury has supported the importance of the plasminogen activation system in modulating the development of pulmonary fibrosis. When bleomycin is administered to experimental animals, a multifocal inflammatory response occurs that progresses to fibrosis (3) . This experimental model has served well for studying generic processes that occur when inflamed tissues are unable to effectively repair themselves and are replaced by collagenous scars. Using the bleomycin model, we have previously found that transgenic mice with a targeted deletion of their plasminogen activator inhibitor-1 (PAI-1) gene (PAI-1 -/-mice) develop less pulmonary fibrosis than do wild-type mice (4) . Furthermore, intratracheal instillation of an adenoviral vector containing a urokinase-type plasminogen activator (uPA) gene reduces the amount of collagen that accumulates after bleomycin exposure in mice (5) .
A leading hypothesis for the protective role of the plasminogen activation system in pulmonary fibrosis has been that it is due to the plasmin-mediated clearance of fibrin. However, results of recent studies have suggested that other activities of the plasminogen activation system could theoretically influence lung injury and repair (reviewed in refs. [6] [7] [8] [9] . For example, plasmin may contribute significantly to the proteolytic activation of growth factors, cytokines, and matrix metalloproteinases, the degradation of matrix glycoproteins, and the clearance of necrotic tissue. In addition, specific components of the plasminogen activation system may have significant biological roles aside from control of plasmin-mediated proteolysis. In this regard, the Mice deleted for the plasminogen activator inhibitor-1 (PAI-1) gene are relatively protected from developing pulmonary fibrosis induced by bleomycin. We hypothesized that PAI-1 deficiency reduces fibrosis by promoting plasminogen activation and accelerating the clearance of fibrin matrices that accumulate within the damaged lung. In support of this hypothesis, we found that the lungs of PAI-1 -/-mice accumulated less fibrin after injury than wild-type mice, due in part to enhanced fibrinolytic activity. To further substantiate the importance of fibrin removal as the mechanism by which PAI-1 deficiency limited bleomycin-induced fibrosis, bleomycin was administered to mice deficient in the gene for the Aα-chain of fibrinogen (fib). Contrary to our expectation, fib -/-mice developed pulmonary fibrosis to a degree similar to fib +/-littermate controls, which have a plasma fibrinogen level that is 70% of that of wild-type mice. Although elimination of fibrin from the lung was not in itself protective, the beneficial effect of PAI-1 deficiency was still associated with proteolytic activity of the plasminogen activation system. In particular, inhibition of plasmin activation and/or activity by tranexamic acid reversed both the accelerated fibrin clearance and the protective effect of PAI-1 deficiency. We conclude that protection from fibrosis by PAI-1 deficiency is dependent upon increased proteolytic activity of the plasminogen activation system; however, complete removal of fibrin is not sufficient to protect the lung.
urokinase receptor may influence cell adhesion, cell migration, and the initiation of intracellular signaling events. Finally, plasminogen might also influence the repair process by serving as the precursor of angiostatin (10) . Determining whether the critical function of the plasminogen activation system in pulmonary fibrosis is plasmin-mediated fibrin clearance or another of its many functions will assist in developing therapeutic interventions. In this study, we evaluate whether the protection caused by PAI-1 deficiency works through a plasmin-dependent proteolytic mechanism. We also evaluate the role of fibrin by determining whether its presence is required for pulmonary fibrosis to occur. Animals. PAI-1 -/-mice (11) were originally provided by P. Carmeliet (University of Leuven, Belgium). These were subsequently backcrossed to C57BL/6 mice for eight generations. Wild-type C57BL/6 mice (PAI-1 +/+ ) were purchased from Charles River Laboratories Inc. (Wilmington, Massachusetts, USA). Aα-chain fibrinogen-deficient (fib -/-) mice (12) and fibrinogen-heterozygotic (fib +/-) mice were produced by mating C57BL/6 fib -/-males and fib +/-females that were inbred for six generations.
Methods

Materials
Bleomycin exposure. For each experiment, age-and weight-matched groups of mice were used. Mice were anesthetized with either intraperitoneal pentobarbital or inhalation of 2% isoflurane, and the trachea was exposed by a cervical incision. Bleomycin (Nippon Kayaku Co., Tokyo, Japan) was dissolved in PBS and then instilled intratracheally using a 27-gauge needle. The dose for PAI-1 -/-and PAI-1 +/+ mice (average weight 20 ± 2 g) was 2.5 U/kg. A higher dose of bleomycin (5 U/kg) was given in experiments using fib -/-and fib +/-mice (average weight 27 ± 4 g) after preliminary experiments using 2.5 U/kg failed to produce consistent pulmonary fibrosis in the fib +/-mice.
Hydroxyproline assay. Hydroxyproline content in whole mouse lungs was used to quantify lung collagen content and was measured colorimetrically by a method described previously, with modifications (13) . At the time of sacrifice, both lungs were removed and the extrapulmonary airways and blood vessels were excised and discarded. The lung parenchyma was homogenized in 1.0 ml of PBS, after which 1.0 ml of 12 N HCl was added, and the samples were hydrolyzed at 110°C for 24 hours. Five microliters of each sample was mixed with 5 µl of citrate-acetate buffer (5% citric acid, 1.2% glacial acetic acid, 7.25% sodium acetate, and 3.4% sodium hydroxide). One hundred microliters of chloramine-T solution (1.4% chloramine-T, 10% N-propanol, and 80% citrate-acetate buffer) was added, and the mixture was incubated for 20 minutes at room temperature. Ehrlich's solution was added and the samples were incubated at 65°C for 18 minutes. Absorbance was measured at 550 nm. Standard curves were generated for each experiment using reagent hydroxyproline as a standard. Results were expressed as micrograms of hydroxyproline contained in total lung tissue.
Inflammatory leukocytes in bronchoalveolar lavage fluid and collagenase digests of lung tissue. Using a modification of a previously described method (14) , mice were sacrificed with a lethal dose of pentobarbital, the trachea was cannulated with an 18-gauge needle, and the lungs were lavaged twice with PBS. The lavage fluid was pooled and centrifuged, and the cell pellet was resuspended in erythrocyte-lysing buffer (0.829% NH 4 Cl, 0.1% KHCO 3 , and 0.0372% Na 2 EDTA, pH 7.4). The lavage cells were then washed with HBSS and resuspended in RPMI 1640. Immediately after lavage, the lung vascular bed was perfused with PBS, and the lungs were excised, minced, and digested enzymatically with digestion solution (RPMI 1640, 1 mg/ml collagenase, and 30 U/ml DNase) at 37°C for 30 minutes. The suspension was dispersed by repeated aspiration through a 10-ml syringe, and erythrocytes were lysed by suspending in erythrocyte-lysis buffer. The cells were then washed twice with HBSS, resuspended in RPMI 1640, and filtered through a 100-µm nylon mesh. Lung leukocytes were then purified by spinning through a 20% discontinuous Percoll gradient. Aliquots of cells from bronchoalveolar lavage fluid (BALF) and lung tissue digests were stained with trypan blue, and the cells were counted using a hemocytometer. Cells were spun onto glass slides using a cytocentrifuge (Shandon Inc., Pittsburgh, Pennsylvania, USA) and were stained with Diff-Quick (Fisher Scientific International, Pittsburgh, Pennsylvania, USA). Three hundred cells were examined on each slide and the percent of each leukocyte type was recorded.
Measurement of fibrinolysis within lungs. Fibrinolysis in murine lungs was measured by a method described previously, with modifications (15) . Mice were sacrificed and 1 ml of DMEM containing fibrinogen (1.5 mg/ml), fluorescein-labeled fibrinogen (0.1 mg/ml), plasminogen (60 µg/ml), thrombin (0.2 U/ml), and Texas red-conjugated BSA (0.25 mg/ml) was injected intratracheally. The Texas red-conjugated BSA was included in the instilled fluid to allow for correction for any differences in dilution that may have occurred between samples during subsequent tissue processing. After the instillation, the trachea of each animal was ligated, and the lungs were placed into a 50-ml tube and incubated at 37°C for 5 hours. The lungs were then minced, centrifuged at 10,000 g for 10 minutes, and the fluorescein and Texas-red levels in 20 µl of supernatant were determined. To correct for differences in dilution, the level of fluorescence from fluorescein was divided by the level of fluorescence from Texas red. During each experiment, separate aliquots of instilled solution were placed into plastic tubes. The fibrin matrices in one set of tubes were allowed to remain undisturbed (0% lysis control), and those in another set of tubes were lysed with excess plasmin (100% lysis control). Both sets of tubes were centrifuged, and the ratios of fluorescein to Texas-red fluorescence in the supernatants were determined. The percent of fibrin that was degraded in the lung was calculated assuming a linear relationship between the values of the 0% and 100% lysis controls.
Measurement of fibrin content of lung tissue. Fibrin deposited in murine lungs was measured by immunoblotting to detect an 80-kDa γ-γ chain dimer fragment that was generated by terminal digestion of fibrin with reagent plasmin (16) . After intravenous injection of heparin (1 U per mouse) to limit postmortem clotting, mice were sacrificed and the lung vascular bed was perfused with PBS containing 500 U/ml heparin. The lungs were excised, placed in iced buffer (0.05 M Tris, 0.15 M NaCl, and 500 U/ml heparin, pH 7.6), and homogenized. Human plasmin prepared in the same buffer was added to a final concentration of 0.32 U/ml, and the mixture was incubated at 37°C for 8 hours with agitation. The plasmin-digested lungs were centrifuged and the supernatant was recovered. As a positive control, mouse plasma was obtained, clotted with thrombin, and digested with human plasmin at 37°C for 8 hours. The plasmin-digested clot was centrifuged and the supernatant was collected. Equal volumes of lung supernatants were boiled under reducing conditions in SDS sample buffer and then separated by electrophoresis on 10% SDS-polyacrylamide gels. Proteins were electroblotted onto a nylon membrane, and the membranes were reacted with a goat anti-mouse fibrinogen antibody. The transfer membranes were then stained using the VECTASTAIN Elite ABC kit following the manufacturer's suggested protocol.
Measurement of pulmonary vascular permeability. Using a modification of a previously described method (17) , Evans blue dye prepared in PBS was injected into the tail veins of mice at 20 mg/kg body weight. Mice were sacrificed after 1 hour, and serum samples were prepared from blood aspirated by cardiac puncture. After the lung vascular bed was perfused with PBS, the lungs were excised, placed in 2 ml of formamide, and homogenized. The homogenized lungs were incubated at 60°C for 16 hours, followed by centrifugation and collection of the supernatant. The absorbance of the supernatants and of serum samples diluted 50 times was measured on a spectrophotometer at 620 nm. A permeability index was calculated as the ratio of the absorbance of the lung supernatant to that of the serum.
Tranexamic acid treatment.
To block the lysine binding sites on plasminogen and plasmin, tranexamic acid was administered by continuous subcutaneous infusion via osmotic pumps (model 2002; ALZA Corp., Palo Alto, California, USA) implanted under the dorsal skin of mice. The pumps were loaded to deliver 1.8 mg of subcutaneous tranexamic acid per day. In addition, tranexamic acid was added to the drinking water at 20 mg/ml to supplement the parenteral dose (18) .
Histology. Lungs were inflation-fixed with 10% neutralbuffered formalin, and the trachea was ligated. Heart and lungs were removed and fixed, en bloc, in paraffin. Four-micron sections were prepared from the blocks and stained with hematoxylin and eosin or Gomori's trichrome to detect collagen.
Immunohistochemistry. Sections were stained immunohistochemically for fibrin(ogen) with polyclonal rabbit anti-mouse fibrinogen antibodies (19) , and for fibronectin with rabbit anti-human fibronectin (DAKO Corp., Carpinteria, California, USA). Bound antibody was detected using biotinylated goat anti-rabbit immunoglobulin and the VECTASTAIN Elite ABC kit (both from Vector Laboratories Inc.) using diaminobenzidine as a peroxidase substrate (Sigma Chemical Co.). Sections were counterstained with hematoxylin.
Statistics. Results are expressed as mean ± SEM. Differences between treatment groups were analyzed using ANOVA with Fisher's PLSD test for pairwise comparisons (StatView; Abacus Concepts Inc., Berkeley, California, USA). A P value of less than 0.05 was considered statistically significant.
Results
Kinetics of collagen accumulation in bleomycin-injured lungs.
Eitzman and colleagues have reported that PAI-1 -/-mice developed less pulmonary fibrosis than did PAI-1 +/+ animals after bleomycin administration (4) . To determine the kinetics of collagen accumulation, 2.5 U/kg body weight of bleomycin was instilled intratracheally into PAI-1 -/-and PAI-1 +/+ mice. By 14 days after bleomycin treatment, the lung hydroxyproline content of PAI-1 +/+ mice increased (P < 0.006) above that of control animals receiving PBS alone, and continued to increase throughout the duration of the experiment (Figure 1a) . The hydroxyproline content of lungs from PAI-1 -/-mice receiving bleomycin increased more slowly, becoming significantly elevated above control levels on day 21 (P < 0.01), when it reached a plateau. At all measured time points after bleomycin delivery, the lung hydroxyproline content of PAI-1 -/-mice remained below that of PAI-1 +/+ mice (P < 0.04). Lung hydroxyproline content of mice 28 days after receiving PBS was used as the control condition in these experiments, because we have previously found that the lung hydroxyproline content after administration of PBS is not different from that of mice receiving no manipulations (data not shown).
Survival of mice after bleomycin treatment. Twenty PAI-1 -/-mice and twenty PAI-1 +/+ mice were given 2.5 U/kg per body weight bleomycin intratracheally. After 28 days, when the experiment was terminated, one of the PAI-1 -/-mice and seven of the PAI-1 +/+ mice had died (Figure 1b) . The Mantel-Cox log rank test showed that the survival rate of the PAI-1 -/-mice was significantly better than that of the PAI-1 +/+ mice (P < 0.02).
Lung inflammation after bleomycin injury. It is possible that the reduced collagen content of bleomycin-injured lungs in PAI-1 -/-mice was due to an effect of PAI-1 deficiency on the development of the inflammatory process. To evaluate this possibility, the inflammatory cell contents of BALF and collagenase-digested lung tissue were analyzed. Seven days after bleomycin delivery, when the inflammatory response is known to be maximal (20) , the total number of leukocytes in the BALF and collagenase digests of lung tissue had increased equally in PAI-1 -/-and PAI-1 +/+ mice ( Table 1) . The increase in percent neutrophils and decrease in percent macrophages within BALF were also similar in the two genotypes. The percent lymphocytes and eosinophils remained unchanged for both genotypes. The relative distribution of inflammatory cell types in collagenase digests of lung tissue was unchanged by bleomycin in both PAI-1 -/-and PAI-1 +/+ animals. These quantitative assessments of leukocyte accumulation were consistent with the visual appearance of the inflammatory infiltrates seen in histological sections of lung tissue (data not shown).
Fibrin content of lungs from bleomycin-injured mice. To determine if PAI-1 deficiency decreased fibrin accumulation after lung injury, the amount of fibrin contained in lung tissue from PAI-1 -/-and PAI-1 +/+ mice was measured 7 days and 14 days after bleomycin administration. Lung tissue was homogenized and then digested by adding excess plasmin, and the fibrin content was assessed by the intensity of the plasmindegraded γ-γ dimer fragment band seen at 80 kDa on immunoblots (21) (Figure 2a) . As a positive control, fibrin formed from thrombin-treated mouse plasma was digested with plasmin and analyzed as above. The negative control sample was mouse plasma anticoagulated with ETDA. The lung digests of PBS-treated PAI-1 -/-and PAI-1 +/+ mice showed no γ-γ dimer fragment. On day 4 after bleomycin, the γ-γ dimer fragment was easily detectable in the lungs of PAI-1 +/+ mice. The intensity of the γ-γ dimer fragment band increased further, reaching a plateau on day 7 and remaining elevated on days 14 and 21. In contrast, the intensity of the γ-γ dimer fragment band from bleomycin-exposed PAI-1 -/-mice was less than that from PAI-1 +/+ mice on days 4 and 7, and had decreased further by days 14 and 21. At the level of sensitivity used to detect the plasmin cleavage products of γ-γ dimers, none were detected in lung homogenates in the absence of in vitro plasmin digestion. Lung permeability in bleomycin-exposed mice. The decreased amount of fibrin within the lungs of bleomycin-exposed PAI-1 -/-mice could be due to either decreased formation of fibrin or its accelerated removal. Because fibrin is formed predominantly from the extravasation of plasma from damaged blood vessels, the effect of PAI-1 deficiency on lung vascular permeability that follows bleomycin administration was assessed. To measure permeability, mice were injected intravenously with Evans blue dye, which binds rapidly to circulating albumin. The accumulation of dye within lung tissue can be detected spectrophotometrically, thereby allowing measurement of macromolecular permeability. As shown in Figure 2b , the amount of vascular permeability 7 days after bleomycin administration was similar in PAI-1 -/-and PAI-1 +/+ mice. Of note, Figure 2a shows that fibrin accumulation on day 7 was less in PAI-1 -/-mice than in PAI-1 +/+ mice at a time when vascular permeability was similar. Thus, PAI-1 -/-mice appear to be able to remove lung fibrin more efficiently than PAI-1 +/+ mice do. On day 14, less dye had accumulated in the lungs of PAI-1 -/-mice than in lungs of PAI-1 +/+ mice. Hence, the reduced fibrin accumulation in PAI-1 -/-mice on day 14 could be due to a combination of increased fibrin clearance and/or decreased vascular permeability.
Rate of fibrin clearance from mouse lungs. To assess the capacity of the lungs to degrade fibrin within the airspaces, an in situ fibrinolytic assay was used. Plasminogen and thrombin were added to fluoresceinlabeled fibrinogen, and the mixture was immediately instilled into the lungs of mice ex vivo. After 5 hours, fibrinolysis was measured by determining the percentage of soluble fluorescent material that was soluble from lung minces. Experiments were performed on days 7 and 14 after bleomycin administration. Day-today variation in the percent fibrinolysis occurring in control mouse lungs prevented direct comparison of absolute values from experiments performed on different days. Nevertheless, on both day 7 and day 14, bleomycin-injured PAI-1 -/-mice lysed fibrin more efficiently than did PAI-1 +/+ mice (P < 0.002; Figure 2c) . Unexpectedly, fibrin degradation in PAI-1 +/+ mice was similar between those treated with PBS alone and those that were exposed to bleomycin. This is in contrast to studies of BALF where soluble fibrinolytic activity has been reported to be partially suppressed during pulmonary inflammation (22, 23) .
Inhibition of plasmin activity with tranexamic acid. PAI-1 has multiple functions beyond inhibiting the enzymatic activity of plasminogen activators (6-9). It affects cellular adhesion and migration by interfering with the interaction between the uPA receptor and vitronectin. PAI-1 also initiates cellular uptake of the uPA receptor-uPA complex. It is possible that one or more of these other functions of PAI-1 could be instrumental in modulating the extent of fibrosis that occurs after lung injury. To determine if PAI-1 deficiency limits collagen deposition by allowing more plasmin activation to
Figure 2
Dynamics of fibrin accumulation in bleomycin-exposed mice. Bleomycin (2.5 U/kg) or PBS was instilled intratracheally into PAI-1 -/-and PAI-1 +/+ mice. (a) To measure tissue fibrin content, lungs were harvested from heparinized mice on the days indicated and were processed as described in Methods. As positive and negative controls, fibrin samples formed within thrombin-treated plasma and anticoagulated plasma were prepared and processed in an identical manner. Samples were separated by SDS-PAGE and then immunoblotted to detect plasmin-generated, fibrin-derived γ-γ dimer fragment. (b) Vascular permeability was measured 7 days and 14 days after bleomycin administration, using lung accumulation of Evans blue dye that was injected intravenously 1 hour before sacrifice. Data are expressed as mean ± SEM; n = 7 for bleomycin-injured mice, n = 3 for PBS control mice. (c) The rate of fibrin degradation was measured in lungs of PAI-1 -/-and PAI-1 +/+ mice 7 days and 14 days after intratracheal instillation of PBS or bleomycin. At the time of sacrifice, fibrin was formed within pulmonary airspaces by intratracheally instilling fluorescein-labeled fibrinogen, plasminogen, and thrombin. After 5 hours, the percent of soluble fluorescent material was measured. Data are expressed as mean ± SEM; n = 4-7 mice per group. occur, we reversed this effect by administering tranexamic acid to PAI-1 -/-mice. Tranexamic acid inhibits plasmin proteolysis both by blocking plasmin(ogen) binding to its proteolytic substrates (24, 25) and by interfering with plasminogen binding to cellular receptors, where cell surface-bound uPA efficiently converts it to plasmin (26) . Administration of tranexamic acid to PAI-1 -/-mice successfully reduced the plasmin activity in bleomycin-injured lungs, as indicated by an increase in lung fibrin content (Figure 3a) . In the absence of bleomycin, fibrin did not accumulate within the lungs of mice receiving tranexamic acid. Importantly, this inhibition of plasmin activity by tranexamic acid caused a significant increase in lung collagen as measured by hydroxyproline content (P < 0.002; Figure 3b ). These results support the importance of plasmin enzymatic activity in limiting lung fibrosis after an inflammatory injury. In separate experiments discussed below, tranexamic acid was administered to bleomycin-treated animals having wild-type PAI-1 genes. No significant tranexamic acid effect was seen, indicating that normal PAI-1 expression masks any additional inhibitory effect of tranexamic acid.
Bleomycin-induced pulmonary fibrosis in mice that are genetically deficient in fibrinogen. The above results showed that PAI-1 deficiency enhances fibrinolytic activity and limits both fibrin accumulation and collagen deposition after bleomycin administration. To determine whether fibrin accumulation is a required step for bleomycin-induced fibrosis to occur, bleomycin was given to mice that were genetically deficient in fibrinogen (fib -/-mice). These animals, having a targeted deletion within the gene coding for the Aα chain of fibrinogen, have no circulating fibrinogen, whereas heterozygous animals (fib +/-) have a plasma fibrinogen level that is 70% that of the wild type. (Note: Fibrinogen levels of fib +/-mice are reduced by less than half of wild-type levels because the synthesis of the Bβ chain appears to limit fibrinogen production in wild-type animals.) Contrary to our hypothesis that fibrinogen deficiency would protect from fibrosis, bleomycin caused an increase in lung hydroxyproline content in both fib +/-and fib -/-mice (P < 0.004; Figure 4) .
The similarity in lung hydroxyproline content of fib -/-and fib +/-mice did not appear to be a consequence of selective death of mice of any one genotype after bleomycin instillation. A higher fraction of fib -/-mice did die in the first two days after surgery (∼17% postsurgical mortality with either bleomycin or saline instillation) than fib +/-mice, which almost always survived the surgical trauma. Of those surviving the initial days after surgery, approximately 80% of both fib -/-and fib +/-mice survived to the day of lung collection. All mice lost 5-10% of body weight after the administration of bleomycin. Recovery of some weight occurred between 14 and 24 days, with no difference between fib -/-and fib +/-mice. PBS-treated mice in both groups also lost some weight initially after surgery, but regained weight at a faster rate than did bleomycin-treated mice (P < 0.007).
At 14 days and 24 days after bleomycin treatment, focal fibrotic lesions were seen in lungs of both fib +/-and fib -/-mice ( Figure 5 ), whereas no lesions were observed in lungs collected from saline-treated animals of either genotype. Most of the lesions con-
Figure 4
Effect of bleomycin (5 U/kg) on lung hydroxyproline content of fib -/-and fib +/-mice. Bleomycin (fib +/-, n = 6; fib -/-, n = 5) or PBS (fib +/-, n = 6; fib -/-, n = 3) was instilled intratracheally into fib -/-and fib +/-mice. Twenty-four days after administration, lung hydroxyproline was measured. Data are expressed as mean ± SEM. tained some areas of fibrillar material that stained blue for collagen deposits with Gomori's trichrome stain, and were frequently associated with inflammatory cell accumulations consisting of lymphocytes and macrophages. The number of spindle-shaped cells resembling fibroblasts appeared to be increased in lesions from both genotypes. Other than the distinct absence of detectable fibrin(ogen) in lungs of fib -/-mice ( Figure 5 ), no qualitative differences were seen in lesion composition or occurrence in either genotype. Immunohistochemical analyses for fibrin(ogen) in fib +/-mice revealed intense staining, presumably of fibrin, within lesions in which the normal alveolar architecture had been obliterated.
Immunohistology was also used to assess the distribution of fibronectin within lung tissue after bleomycin treatment. Fibronectin was chosen for study because it has cell-adhesive properties that might compensate for the absence of provisional fibrin matrices in fib -/-mice. Furthermore, fibronectin might accumulate in fib -/-animals if the absence of fibrinogen were to cause increased leaking of plasma proteins after lung injury. The intensity and pattern of fibronectin immunostaining were both indistinguishable between fib +/-and fib -/-mice ( Figure 5 ). Fibronectin was weakly detectable within the interstitium of normal-appearing lung tissue. In contrast, prominent fibrillar staining was seen within the fibrotic lesions of fib +/-and fib -/-mice. A similar pattern was seen in wild-type and PAI-1 -/-mice after bleomycin administration (data not shown).
The effect of tranexamic acid on fib -/-mice was also studied using the same drug delivery protocol used for the PAI-1 -/-mice. Contrary to what was seen in bleomycin-treated PAI-1 -/-mice, tranexamic acid in fib -/-mice caused only a minor, statistically insignificant increase in lung hydroxyproline content 14 days after bleomycin administration ( Figure 6 ). However, tranexamic acid also failed to cause a significant increase in hydroxyproline when given to bleomycin-treated fib +/-mice. Apparently, in both fib -/-and fib +/-mice, tranexamic acid did not add substantially to the inhibitory effect that is conferred by normal PAI-1 expression.
Discussion
A relationship between the plasminogen activation system and the development of pulmonary fibrosis after lung inflammation is firmly established. BALF from patients with acute respiratory distress syndrome (27, 28) or a variety of chronic inflammatory lung diseases (22) show suppressed fibrinolytic activity, largely due to increases in fibrinolytic inhibitors. Mice with impaired fibrinolysis caused by either overexpression of a PAI-1 transgene (4) or by targeted deletion of the plasminogen gene (29) develop increased lung fibrosis after lung inflammation. Conversely, increasing the activity of the fibrinolytic system by targeted deletion of PAI-1 genes (as investigated in this report) protects the lung from fibrosis induced by inflammation. Furthermore, increasing uPA in the lung by direct protein administration (30) or by gene transfer (5) also reduces fibrosis. Importantly, these latter interventions can be delivered after the inflammatory injury has already begun, making the approach potentially useful as a treatment for pulmonary fibrotic diseases. To develop this theory, we studied the mechanisms by which PAI-1 -/-mice limit the development of pulmonary fibrosis.
Our initial hypothesis was that accelerated fibrin clearance from the damaged lung would remove the provisional matrix onto which fibroblasts can migrate and form collagenous scars. In agreement with this hypothesis, fibrin was found to accumulate less in PAI-1 -/-mice after lung injury than in wild-type mice. The reduction in fibrin accumulation did not appear to be due to reduced fibrin formation because the extent of inflammatory injury and permeability leak seen 7 days after bleomycin delivery was similar in the PAI-1 -/-mice and the wild-type mice. Instead, the reduced fibrin accumulation in PAI-1 -/-mice was probably a result of enhanced fibrinolysis, a phenomenon that was demonstrated directly by comparing the rate of degradation of fibrin matrices formed ex vivo in the lungs of PAI-1 -/-and wild-type animals. In fact, the difference that was measured in the fibrinolytic rate of lungs from PAI-1 -/-mice and wild-type mice is probably lower than the true difference in fibrinolytic capacity. The reason for the reduced difference is that the experimental matrix that was generated within the lungs was formed by instilling reagent fibrinogen, plasminogen, and thrombin. Such a matrix would minimize a major difference between wild-type and PAI-1 -/-animals, namely, the presence of PAI-1 in endogenously formed matrices in wildtype mice and its absence in PAI-1 -/-mice. The difference in fibrinolytic rates that we reported between the two genotypes thus depended upon the small amount of PAI-1 present in the alveolar lining fluid before the matrix-forming substrates were instilled. It is likely that the same considerations explain the similarity in fibrinolytic rates seen in wild-type mice treated with PBS or bleomycin. Forming the intra-alveolar matrices using reagent fibrinogen and thrombin would diminish the effect of increased PAI-1 production that is induced by bleomycin.
To our surprise, the experiments using fib -/-mice showed that fibrin was not required for fibrosis to occur in the injured lung. Despite the consistent presence of fibrin during inflammatory lung diseases and the ability of fibrin to serve as a provisional matrix for wound repair, fibrosis occurs in its absence. The minor difference in lung hydroxyproline content between the bleomycin-treated fib +/-and fib -/-mice was not statistically significant. In retrospect, previous observations of events occurring in nonpulmonary organs of fib -/-mice hinted at this possibility. In particular, scar tissue develops in fib -/-mice during the resolution of subcapsular hematomas that form spontaneously in the liver (12) and during the healing of full-thickness skin incisions (31) . Nevertheless, the finding of pulmonary fibrosis in fib -/-mice does not exclude the possibility that excessive or prolonged fibrin deposition in the lung can contribute to fibrosis under specific conditions. For example, the increased fibrosis associated with plasminogen deficiency or inhibition of plasminogen activation could be, at least in part, driven by the cellular organization of fibrin deposits. If this theory is correct, then based on the studies presented here, genetically imposing fibrinogen deficiency in plasminogen-deficient mice would be expected to substantially reduce, but not eliminate, lung fibrosis. On the other hand, the further reduction in pulmonary fibrin that would be achieved by genetically imposing fibrinogen deficiency in PAI-1-deficient mice would probably result in little or no further reduction in fibrosis relative to mice lacking PAI-1 alone. Furthermore, the results of this study would predict that the relative resistance of PAI-1-deficient mice to fibrosis would be maintained regardless of the presence or absence of fibrinogen. Studies are underway to directly test these working hypotheses.
Although fibrin is obviously a key physiologic target of plasmin (31) , biologically significant roles of plasmin beyond fibrin clearance have been documented in specific physiological and pathological contexts. An important physiological role of plasminogen activation in hepatic repair that is independent of plasmin-mediated fibrinolysis has been recently established (9) . Plasminogen-deficient mice were shown to have a marked impairment in the reparative removal of necrotic liver tissue; this impediment persisted in the absence of fibrin deposition. A role of plasmin outside fibrinolysis has also been recognized in the pathological context of kainateinduced neurodegeneration in the hippocampus (32) . Detailed studies revealed that laminin is probably one critical plasmin substrate relevant to neurodegeneration. Plasmin may also limit pulmonary fibrosis by con-tributing to the clearance of common extracellular matrix components (reviewed in refs. 33 and 34). Alternatively, plasmin-mediated activation of protease zymogens, such as latent metalloproteinases (35), may limit pulmonary fibrosis by secondarily removing extracellular matrix proteins whose persistence would obliterate alveolar spaces. Although these proteolytic activities could theoretically cause harm by destroying normal tissue, their net effect appears beneficial during lung inflammation in PAI-1 -/-mice. Additional targets of the plasminogen activation system that might be relevant to pulmonary fibrosis are latent growth factors (8) . In particular, HGF is activated by plasminogen activators in vitro (36) and might promote alveolar epithelial cell proliferation and repair of damaged alveolar surfaces in vivo (37) . Recent studies have shown that administration of HGF can reduce bleomycin-induced lung injury (38) . Taken together, the fibrotic tendency may be modified by plasminogen activators/plasmin through combinatorial cleavage of many distinct substrates, including fibrin and nonfibrin substrates.
The beneficial effect of PAI-1 deficiency on pulmonary fibrosis could also be due to nonproteolytic features of the plasminogen activator/plasmin system. In vitro studies have shown that the binding of PAI-1 to the extracellular matrix protein vitronectin reduces the affinity of uPA receptor for vitronectin (39, 40) . When uPA is bound to its cell-surface receptor, interaction with PAI-1 increases the removal of uPA receptor complexes from the cell surface (41) . Among other activities, the uPA receptor is involved in initiating intracellular signaling (42) . The net in vivo effects of these complex PAI-1 interactions are difficult to predict given their potential roles in adhesion, migration, and intracellular signaling involving leukocytes, fibroblasts, epithelial cells, and endothelial cells. However, even if these nonproteolytic features are operative in limiting pulmonary fibrosis, certain observations still point strongly to a proteolytic role for the plasminogen activator/plasmin system. In particular, tranexamic acid was found to reverse the beneficial effects of PAI-1 deficiency. Tranexamic acid inhibits plasmin-mediated proteolysis by interfering with the binding of plasmin to its target substrates (24), or by preventing plasminogen binding to cellular surfaces where it can be activated efficiently by receptor-bound uPA (43) . Although tranexamic acid promoted fibrosis in animals deficient in PAI-1, similar effects were not seen in animals with a normal PAI-1 genotype. Apparently, the regulatory effects of PAI-1 on plasminogen activation were not influenced significantly by the addition of tranexamic acid.
Modulation of fibrotic processes by the plasminogen activator/plasmin system is not unique to the lung. Decreased plasminogen activation was found to result in increased amounts of extracellular matrix within immune-damaged renal glomeruli (44) and synovial tissue (45) , whereas increased plasminogen activation reduced the development of adhesions within an inflamed pleural space (46) and reduced capsular fibrosis of the optic lens after complicated cataract surgery (47) . From these data, a pattern emerges in which impaired plasminogen activation in multiple organ systems is generally associated with increased fibrosis, whereas interventions that enhance plasminogen activator activity are associated with less fibrosis. However, there are situations in which a different relationship is seen. For example, after myocardial infarction, uPA-deficient mice were found to accumulate less collagen in the necrotic areas (48) . Notably, this decreased deposition of extracellular matrix is associated with a severe impediment in the clearance of necrotic cardiomyocytes and diminished fibroblast infiltration. The seemingly contradictory profibrotic aspect of plasminogen activation in some tissues (e.g., ischemic heart tissue) and the antifibrotic potential of increased plasminogen activator activity in other tissues (e.g., bleomycin-challenged lung tissue) might be reconciled by distinct biological features associated with different sites and types of injury. Specific features that might determine the local pro-or antifibrotic consequences of defects in plasminogen activation include (1) the presence (e.g., ischemic tissue) or absence (e.g., skin incision) of dense fields of necrotic cells; (2) the composition of the extracellular matrix; and (3) the availability and type of other proteolytic systems for clearing matrix components and cellular debris.
In conclusion, our results show that PAI-1 deficiency reduces the extent of pulmonary fibrosis that follows inflammatory lung injury. The improvement tracks closely with the proteolytic activities of the plasminogen activator/plasmin system. Despite our supposition that accelerated removal of fibrin was responsible for limiting fibrosis, fibrin is not required for fibrosis to occur. Degradation of additional substrates or activation of other antifibrotic pathways may be involved in the beneficial effect of augmenting the plasminogen activation system.
Note added in proof. Subsequent to the submission of this article, a short communication was published reporting the development of bleomycin-induced fibrosis in mice with a targeted deletion of the fibrinogen γ-chain (49) .
